ABSTRACT: The use of eco-friendly mulch materials as alternatives to the standard polyethylene (PE) has become increasingly prevalent worldwide. Consequently, a comparison of mulch materials from different origins is necessary to evaluate their feasibility. Several researchers have compared the effects of mulch materials on each crop variable through univariate analysis (ANOVA).
Introduction
Several plastic fi lms have been used as mulching in vegetable crops, with polyethylene (PE) being the most widespread. However, new materials described in detail by Martín-Closas and Pelacho (2011) and Kasirajan and Ngouajio (2012) have appeared recently due to the nondegradability of these fi lms. Most of them demonstrated satisfactory behavior in relation to weed control and crop yields (Moreno et al., 2009; Cirujeda et al., 2012) . Fruit quality infl uences the degree of acceptance of the fi nal product, so some of the aspects relating to external appearance are even more important than the price for the average consumer (Shewfelt, 1990; Gómez et al., 2001) . For tomatoes (Lycopersicon esculentum Mill.), taste, appearance, color and handling characteristics are crucial for fresh fruits, while color, consistency, soluble solids, acidity, dry matter and juice content are considered for processing tomatoes (Moraru et al., 2004) . Another important aspect is the concentration of lycopene, a carotenoid responsible for the red fruit color with strong antioxidant activity, and, therefore, benefi cial for human nutrition and health (Leoni, 2006) .
In previous studies, the effect of mulches on tomato fruit quality has been analyzed using the analysis of variance (ANOVA) technique, which considers the variables analyzed independently (Moreno and Moreno, 2008) . However, in a complete study there are several variables present together (multivariate analysis), which add a characteristic particularity to the situation under study (Bentham et al., 1992) .
When establishing criteria for grouping mulch treatments, two materials will belong to the same group when they do not present signifi cant differences in any variable studied (by ANOVA). However, what happens when a material differs from another in one (or more) variables? Is it different a priori, or can it be considered to be similar? What happens with the global variability? In a previous study, from a multivariate perspective, Moreno et al. (2013) approached the behavior of the same mulch treatments but considered variables relating to yield and weed control, and also included fewer fruit quality attributes. In this study, we present the information provided by ANOVA in conjunction with that derived from the use of principal component analysis (PCA) and cluster analysis (CA) as multivariate techniques, with the aim of modeling the response of processing tomato fruit quality to several mulches of different composition.
Materials and Methods

Research site and fi eld design
From 2007 to 2008, fi eld trials were carried out in two adjacent plots in Ciudad Real, Spain (3º56' W; 39º0' N, altitude 640 m). The climate of this region is continental Mediterranean. The mean, maximum and minimum air temperatures during the cropping periods (May to Sept) were 21.9, 30.4 and 12.6 ºC in 2007 and 22.9, 31.6 and 13.2 . A randomized complete block design was adopted with four replicates and eight mulch treatments of different natures: two biodegradable (BD1, BD2) plastic mulches composed of corn starch, one oxo-biodegradable (OB) material, two types of paper (PP1, PP2), one barley (Hordeum vulgare L.) straw (BS) cover, and standard black polyethylene (PE) and manual weeding (MW) as control treatments. The main characteristics of the treatments used and the codes assumed in each case are summarized in Table 1 . In manual weeding, weed control was performed as necessary three times during each crop cycle. Each experimental plot consisted of a single crop row 23 m long by 1.5 m wide, with 0.2 m plant spacing and beds 0.8 m wide.
The processing tomato cv. "Perfect Peel F1" was transplanted into the open air on May 18, 2007 and on June 4, 2008, two days after mechanical mulching. The crops were irrigated daily by a trickle irrigation system. Irrigation amounts were estimated from the reference evapotranspiration and phenological stage of the crop (Allen et al., 1998) . Fertilization was supplied as organic vermicompost and organic foliar fertilisers.
A single harvest in each treatment was carried out at the end of the growing seasons (101 to 105 days after transplanting), with ripe fruits accounting for approximately 80 % of the total healthy fruits in each treatment.
Tomato quality determinations
At harvest, 20 marketable ripe fruits were selected at random from each plot and washed with distilled water. The tomatoes were then evaluated on the basis of a number of physical and nutritional attributes considered to be indicators of quality in processing tomatoes: fruit and juice color, fi rmness, juice content, dry matter, soluble solids, titratable acidity, pH, consistency and lycopene content.
The external color and fi rmness of the fruits were measured at two opposite equatorial surface locations on each fruit. Tomato color was measured in the Hunter Lab color space using a Minolta Chroma Meter CR400/410 (Minolta Corp., Osaka, Japan) with the CIE illuminant C. The L value indicates the ratio of white to black color; the a value the ratio of red to green color; and the b value the ratio of yellow to blue color. The a/b ratio (red to green component of color) is commonly used as a redness index to report the color quality (brightness of red color) of tomatoes and tomato products (Akdeniz et al., 2012) . This variable is also correlated with lycopene accumulation in tomatoes (Giovanelli et al., 1999) .
Fruit fi rmness was measured in the pericarp tissue by an FT-327 penetrometer (Bertuzzi, Facchini, Italy) with a probe 8 mm in diameter, and was expressed as kg cm -2 . Then all fruits were divided into three equal parts: one part was used to determine the dry matter content in an oven set at 70 ºC until constant weight was achieved (units expressed as grams per 100 g fresh weight), the second part to determine the juice content by using a conventional juicer extractor, removing the seeds and skins and measuring the juice color as previously indicated for whole fruits (units expressed as grams per 100 g fresh weight); and the third part was homogenized and used for the remaining determinations.
Soluble solids were measured using a digital refractometer ATAGO PR-32 (Atago Co. LTD, Tokyo, Japan) with automatic temperature compensation, which provides values as °Brix. pH was determined using a pH meter, and titratable acidity was quantifi ed by titrating 5 g of tomato paste with 0.1 mol L −1 NaOH to pH 8.1 with an automatic sample titrimeter (TitroMatic 1S-2B, Crison, Barcelona, Spain). Acidity was expressed as grams of citric acid equivalent per 100 g fresh weight.
The consistency of the homogenate was determined by measuring the distance that the homogenate fl owed in 30 s under its own weight along a level surface (Barret et al., 1998 ) with a standard Bostwick consistometer (CSC Scientifi c, 1-800-458-2558, USA). Smaller Bostwick values indicate a thicker, higher-consistency tomato product; therefore, smaller values are preferable in tomato processing (García and Barret, 2006) .
Lycopene determination was based on a spectrophotometric analysis using a Lambda-Bio40 spectrophotometer (Perkin-Elmer, Waltham, MA, USA). Lycopene extractions were performed with 2 g of homogenate, which were shaken for 15 min in 50 mL of hexane, 25 mL of acetone and 25 mL of ethanol and then shaken for a further fi ve minutes after the addition of 5 mL of distilled water. Then, 5 mL of the upper layer was recovered and increased to 10 mL with hexane. The samples were shaken again, and measurements were immediately taken by the spectrophotometer. A calibration line relating standard concentrations and absorbance at 510 nm was used to obtain lycopene concentrations (Roselló et al., 2011) . Lycopene content was expressed as milligrams per 100 g fresh weight. With the exceptions of dry fruit matter and juice content, all assessments were carried out in duplicate.
Univariate and Multivariate analysis methods
The differences among the mean values obtained in each mulch treatment in relation to the fruit and juice The similarities among groups were quantifi ed through the linkage distance (in x-axes). To fi nd the optimal cluster solution, approximately 50 % of the root node distance was considered as a reference value in the dendrogram, and the proximity to the value 1 of the cophenetic correlation coeffi cient was stated (Hair et al., 2009) . Multivariate and univariate analysis techniques were implemented by Infostat v. 2007 professional with a module taken from the R module statistical package used for estimating linear and generalized linear models.
Results and Discussion
Univariate analysis (ANOVA model)
Year and mulch treatment did not interact (see pvalue of treatment × year in Table 2 ); consequently, the mean of each treatment (averaged across years) in the fruit and juice variables could be used to discuss the effects of treatment. ANOVA successfully refl ects the specifi c response to treatments for each independent variable and shows precisely the similarities or differences among mulch materials in relation to each variable. Thus, for example, we can state for the soluble solid content that BS is different (p < 0.05) from PE, while PE is not different from OB, BD1, BD2 or MW.
Fruits obtained from BS have higher soluble solids, dry matter, lycopene and a/b juice than those from the other treatments - Table 2 (5 %, 23 %, 9 % and 34 % above the trial average, respectively), although BS was not different (p > 0.05) from all of them. The highest fruit soluble solid contents and dry matter accumulation in BS could be explained by an increase in soil salinity, as described by Moreno et al. (2013) and Dorais et al. (2001a, quality variables analyzed were evaluated by univariate analysis at level of signifi cance 0.05. The data corresponding to these variables were analyzed with an ANOVA mixed model by using a factorial nested design (Montgomery, 2012), including mulch treatments and years taken into consideration the blocks nested in years, both as random effects, as indicated by McIntoch (1983) . Analyzing the effect of one variable at a time with the ANOVA technique can provide useful information, and in some cases, the univariate approach is the best and easiest tool. The multivariate response of the treatments was evaluated following guidelines prescribed by Hair et al. (2009) using a principal component analysis (PCA) and a cluster analysis (CA).
PCA is a statistical technique that transforms a set of interrelated variables into a set of uncorrelated variables. The newly formed variables (PCs) are linear combinations of the original variables. This tool can indicate the variables that are the most infl uential on system variability. The fi rst principal component, PC1, given by the eigenvector associated with the highest eigenvalue of the p × p correlation matrix, λ 1 , explains the highest percentage of the system variability, λ 1 /p %. The second principal component, PC2, corresponds to a lower proportion of the variance, λ 2 /p %, and so on.
In this study, a PCA was performed on the eight treatments defi ned by the corresponding average values in each of the variables considered. The number of extracted components (PCs) was determined by using scree plots (Hair et al., 2009 ). Then, a CA considering the PCs extracted by the PCA as variables was performed. By defi ning a metric, CA points to the proximity among mulches to categorize mulch treatments into possible groups. A hierarchical clustering method (UPGMA, Unweighted Pair Group Method with Arithmetic Mean) was used to identify clusters of treatments with similar behaviour. The grouping process fi rst considers the indi- b). The high lycopene content in BS and, consequently, the a/b color variable, also coincide with the results obtained by Kubota et al. (2006) and Urbanonoviciene et al. (2012) . This trend is in agreement with Amans et al. (2011) , who concluded, in a study on the nutritional properties of tomato fruits with different mulch materials and environments, that the fruits obtained using rice (Oryza sativa L.) straw as a mulch had higher dry matter and carbohydrate contents than those harvested from black PE mulch. In an analysis of other fruit parameters, Hong et al. (2000) found that the fi rmness and soluble solids of red-ripe tomatoes were higher (p < 0.05) for plants grown with vegetable mulch compared to black PE as result of greater leaf carbohydrate content derived from a higher photosynthesis rate.
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The principal limitation of the use of univariate analysis resides in the ignoring of overall behavioral responses (considering the totality of variables) of the different mulch materials, and therefore does not consider the possibility of grouping mulch treatments with similar behaviors. ANOVA shows, for example, that PE, OB and BD2 would be similar (no different letters in the columns of the Table 2 ). However, observing the results in Table 2 , leads us to the following questions: (i): regarding variables, how important are the quality variables to the global system variability?
(ii): in terms of grouping mulch treatments, would BD1 be similar to both PE and OB differing from them only in fruit dry matter content? What about PP1 and PE, if they are only different in soluble solids and L fruit? Additionally, what about PP1 and MW, if they differ only in terms of L juice? Which treatment is more similar to PE: BD1, PP1 or MW? Is BS so different from the other mulch treatments as ANOVA shows?
PCA and CA can address these questions.
Multivariate analysis
In general, to obtain a correct assessment in an integrated descriptive study, the appropriate method should take several variables into account together (D'Andrea et al., 2008) . This approach is especially valuable in observational studies, in which total control is never possible (White, 1993) . Even in fi eld studies, in which the researcher can exercise some control over the experiment, total control is never truly possible. Multivariate data analysis uses mathematical and statistical techniques to extract information from complex data sets, and computer advances have facilitated their use (Cozzolino et al., 2009) .
In this study, the scree plot related to PCA, obtained as in Hair et al. (2009) , suggested that the fi rst three principle axis explained a suffi cient amount of variance. These components explained approximately 80 % of the total variability. The results of this analysis are shown in Table 3 , where we can see the percentage of variance explained by each PC (32, 26 and 22, respectively), the accumulated variance and the total accumulated variance (80) .
The values shown in each of the three columns (PCs) of Table 3 indicate the correlations of the corresponding variables with these PCs. In the biplot corresponding to the scores of the treatments in the fi rst two axes (58 % of the variance) (Figure 1) , and according to Table 3 , we can see that the most infl uential variables on total variability, corresponding to the longest vectors, were L and a/b juice, soluble solids and fi rmness (see also their high coeffi cient values in Table 3 ), and to a lesser extent, lycopene and L fruit. The smaller the angle between two vectors, the greater the positive correlation between the variables represented (i.e. L fruit and L juice; a/b fruit and a/b juice; total soluble solids and dry matter; lycopene and a/b measurements). If the angle is close to 180º, the correlation is negative (i.e. L fruit and L juice with a/b fruit and a/b juice, respectively; acidity with pH).
The infl uence of the L color variable on total variability was observed in a previous study by Moreno et al. (2013) , in line with Ordóñez-Santos et al. (2008) . The current study also shows the great infl uence of both juice color and lycopene and the expected relationship between them (Gómez et al., 2001) , the importance of the fi rmness and the relationships among the different quality variables and mulches (Table 3, Figure 1) .
A dendrogram was obtained in the CA from the factor scores relative to the CPs extracted (Figure 2 ) to divide mulch treatments into possible groups. Regarding the grouping of mulch treatments, now, consulting the biplot and dendrogram (Figures 1, 2) , one can more accurately interpret the results derived from the ANOVA (Table 2 ) and delineate the groups of mulch treatments. The following groups of mulch materials can be clearly established: plastics (PE, OB, BD1 and BD2), papers (PP1 and PP2), bare ground with manual weeding (MW) and cereal straw (BS). Fruit quality is affected by environmental factors, such as temperature, solar radiation, irrigation regime, pH and electrical conductivity of the nutritive solution (Battilani, 2008) . In this study we consider that the formation of the previous groups could be explained by the similar environmental conditions surrounding different treatments belonging to the same group, especially soil temperature (data not shown). Temperature has a direct infl uence on metabolism and, thus, indirectly affects cellular structure and other components which determine fruit texture (Sams, 1999) . In this experiment, the mean soil temperature averaged across years increased in the order MW (21.9 ºC) < BS (22.2 ºC) < papers (22.3 ºC) < plastics (23.5 ºC), while fruit fi rmness, one of the most important factors of total variability (Table 3, Figure 1) , varied in the opposite order (Table 2) . This fi nding is in agreement with Sams (1999) , who maintains that fi rmness is higher at lower temperatures because tissue density would be higher.
BD1 can be considered similar to both PE and OB, as they all belong to the same group. PP1 is similar to neither PE nor MW. Considering BD1, PP1 and MW, the most similar to PE is BD1 because they belong to the same group, and the most different from PE of the three treatments is MW (see distances of link in the dendrogram shown in Figure 1 ). The proximity of OB, BD1 and BD2 to PE (especially OB) indicates that they are similar to PE in relation to the overall quality of the fruit, but they have the advantage of being much more environmentally friendly.
Both papers, PP1 and PP2, were also grouped together, contrary to those obtained by Moreno et al. (2013) , who found that PP2 was more closely associated with the group of the plastic mulches including PE, OB and BD2, whereas PP1 was more similar to MW. This fi nding confi rms the discriminant effect of the variables related to weed control and, consequently, to yield, on both papers. On the other hand, the distancing of the mulch straw (BS) from the rest of the treatments becomes especially noticeable; thus, it could be considered as an atypical mulch.
Based on the results obtained in PCA and CA (Table 3; Figures 1, 2) , the previously asked questions relating to global system variability and to grouping mulch treatments can now be answered (see Univariate analysis section), and it is possible to more easily interpret the information derived from univariate analysis.
Conclusions
The most infl uential variables on the total variability are L and a/b juice, soluble solids and fi rmness, and to a lesser extent, lycopene and L fruit. Two groups of mulch materials could be established: plastics (PE, OB, BD1 and BD2) and papers (PP1 and PP2). Cereal straw (BS) could be considered as an atypical mulch. Therefore, the oxo-and biodegradable materials tested here constitute a proper alternative to polyethylene in relation to the global fruit quality in processing tomato. 
